NASA Active Noise Control Fan rig. A total of 168 actuators in 28 stator vanes were used (six per vane). Simultaneous inlet and exhaust acoustic power level reductions were demonstrated for a fan modal structure that contained two radial modes in each direction. Total circumferential mode power levels were reduced by up to 9 dB in the inlet and 3 dB in the exhaust. The corresponding total 2BPF tone level reductions were by 6 dB in the inlet and 2 dB in the exhaust. Farfield sound pressure level reductions of up to 17 dB were achieved at the peak mode lobe angle. The performance of the system was limited by the constraints of the power amplifiers and the presence of control spillover. Simpler control/actuator systems using carefully selected subsets of the full system and random simulated failures of up to 7% of the actuators were investigated.
(The actuators were robust and none failed during the test). Useful reductions still occurred under these conditions. This report describes an active noise control system that uses vane actuators and the demonstration of the system on the NASA ANCF test rig at NASA GRC. The rotorstator interaction modes at twice blade passing frequency (2BPF) were the target of the active control.
The ANCF was configured with 28 vanes to generate the circumferential mode, m=2, at 2BPF. The (4,0) and t4,1) radials propagated in the inlet and the exhaust over the fan speed range of interest.
A NASA contractor report more fully documents the background and investigation from which this study arose 7.
Experimental Apparatus

ANCF Facility
ANCF Test Rig
The NASA Active Noise Control Fan 2 rig (figure 1 ) is located in the Aeroacoustic Propulsion Laboratory at the NASA Glenn Research Center.
A sixteen-blade four-foot diameter fan is enclosed in a fan duct that is cantilevered from a support structure. The fan is driven by a shaft that runs through a center body. No internal struts are required since the center body and duct walls are fixed to the support structure.
(Internal struts could affect the fan/stator interaction acoustic modes of the duct, resulting in a more complicated mode structure.) Inflow and turbulence distortions that would introduce asymmetric force loading of the blades are minimized by an inflow control device (ICD) at the inlet. A set of stator vanes is cantilevered from a central hub structure.
For these tests, the fan blades were set at an angle of 40 degrees.
The twenty-eight stator vanes with the actuator were installed with a 2.25-inch spacing between the fan blades and stator vanes.
In-Duct Measurements
In-duct levels were measured using the NASA rotating rake modal measurement system that allowed the effect At 100 Vrms drive level the sound pressure output was measured at a level of 90 dB SPL for a 1 kHz sine wave at 1 m in an anechoic chamber. The total harmonic distortion was less than 26 dB. It is assumed that most of that distortion was due to the power electronics and not non-linearities in the actuator.
Actuator Geometric Design
The final actuator design is illustrated in figure 3a .
Three PZT-5A tiles each one-inch long, 0.6 inches wide and 0.007 inches thick are bonded to a Beryllium
Copper base 1.5 inches wide, 2.5 inches long and 0.010 inches thick. Not shown in the figure are the aluminum top covers for each tile used to maintain flow quality over the cavity. These were 0.001 inch thick and were trimmed to leave a small border at each edge of the tile. For each chordwise location, a pair of spanwise patches were used. These were initially matched to the radial distribution of the disturbance modes. A shorter tip actuator was used to avoid crossing the node of the first radial mode. To compensate, a longer hub actuator was used. Optimal designs tended to make the tip actuator about 2.5 inches long and the hub actuator 5 inches long. For practical reasons, it was desired to have a single actuator design, and so the hub actuator was split into two 2.5 inch devices driven with the same velocity and separated by a suitable gap for the mounting structure.
Within these constraints the radial location of the four actuators were varied and a solution with the least maximum displacement required to cancel the expected fan levels was chosen.
A diagram of the locations of the actuators within each vane is shown in figure 3c . Figure 3d is a photograph of actuators installed in a vane.
The required four circumferential arrays of actuators were thus constructed from a total of 168 actuators.
Each of the 28 vanes held 6 actuators with actuator #1
being the tip leading edge, #2 the tip trailing edge, #3a the middle leading edge, #4a the middle trailing edge, #3b the hub leading edge and #4b the hub trailing edge.
The hub pair of actuators on the leading edge, #3a and #3b, were driven as a pair with the same control signal making effectively one actuator. In a similar way, the inner pair on the trailing edge, #4a and #4b, was also driven as a pair giving effectively four independent actuators on each vane. 
Calibration
In order to prevent control modal spillover, each actuator in an array should have the same sensitivity.
Most of the variability in actuator output was reduced by design of the mounting system and by careful control of the manufacturing process. However, as is inevitable, some variation remained. generated are related to the number of fan blades (B), the number of stator vanes (V), and the harmonic (h) of BPF and are given by the formula:
An active noise control system must take into account the full set of acoustic modes that it could potentially generate. In order to control any or all of the modes, a modal active control system will require independent control actuator channels equal to the number of modes it is desired to control.
A circumferential array of physically identical actuators with the same axial and radial coordinates can be driven by a single control signal to produce a set of modes with the same circumferential mode order. 
If the highest circumferential mode order that can propagate is M, then at least
actuators are required to avoid spatial aliasing.
An important observation is that a single actuator array can independently control multiple m orders when the outputs of two or more phased array signals are summed at each actuator.
The number of actuators required is then based on the largest m order required.
If the fan blade and vane counts are chosen such that at most one m order is cut-on (at least for lower harmonics of BPF), then an array of actuators fully populating the vanes will not alias into cut-on modes as it produces the identical set of aliased modes as the vanes. Reduced actuators arrays, e.g. a set with every other vane containing an actuator, must more carefully consider the aliased modes.
Although the source may only contain modes with one or few m orders, these modes may contain more than one radial order.
In order to couple directly with a given m order, a circumferential array must be placed at the same radial location. 
Control Strategy for the ANCF Rig
The control strategy selected for the ANCF was based on the requirements of the specific test conditions. The ANCF is four feet in diameter and has 16 blades. The core control is then implemented. This is a synchronous adaptive feed-forward scheme based on the Filtered-X LMS.
The four output filters were adaptively updated using a function of the output of 24 filters that represent the path from each control output to each sensor input. A feature of the version of the algorithm used for the tests was the ability to set a hard limit to individual control channel output voltages. This was to prevent the control signal from exceeding the maximum level that could safely be acconunodated by the power amplifier inputs.
The algorithm ensures that the maximum level is not exceeded by preventing any update that would cause a control filter output to exceed that level.
The maximum level can be independently set for each control output and if one output is constrained at its maximum, the other control filters can continue to adapt. flow field yet their acoustic signature can be easily separated from that of the fan. (see fig 2d) . Doubling the gain again (to Figure7 shows modal signature of theactuator sets excited individually asmeasured bytherotating rakeat theexhaust exitplane. While theinletandexhaust rake dataarenottakensimultaneously, theactuator inputs were thesame forthetworunssothesignatures canbe considered astheoverall signature. Them=4PWLs are generally lowerin the exhaust thanin thanthose measured in theinlet,indicating theactuators radiate more toward theinlet.
Thetip leading edge set( fig.7a) hasaverypoor modal signal-to-noise ratio,0.7dB. Thisis dueto thelow m=4output levelgenerated by thissetrather thana highlevelof spillover. Thetip trailingedge andhub leading edge ratiosaregoodat8.3and8.5dB( fig.7b  and 7c ). The hub trailing edgeactuatorset is particularly efficient witha 12.9 dBratio( fig.d) .
Figure8 showsmodalsignaturein the exhaust generated byall actuator sets driven simultaneously, at various amplifier gains.
Comparing thecoherently added m=4PWLsnoted in figure7 to thelevel actually measured yields 99.9Vs 100.5 dB. Againtheextraneous modes arefor the combined excitation arehigher thanexpected, 97.7dB measured vs.90.9dBfromthecoherently added sum (94.1dB if modes belowtheflooraremathematically added). Thesame argument is madefortheexhaust observations aswas made earlier with the inlet results. Figure 8a and 8b indicate that doubling the input gain also causes a 6 dB increase in the mode PWL, with further increases in gain in figure 8c exhibiting the amplifier output limit.
ANC Performance
The in-duct performance of the ANC system was judged by two criteria. The first is the ability of the system to reduce the level of the target mode. This is an evaluation of the quality of the convergence algorithm and the input sensor's ability to distinguish the target mode.
The second is the reduction achieved in the total harmonic tone power level. This is primarily related to the modal efficiency of the actuators as described in a previous section.
The ANC performance at a corrected fan speed of 1800 RPM is presented in figure 9 . Figure 9a shows the inlet modal map of the fan at 2BPF. The two radials (4,0) and (4,1) of the rotor-stator interaction mode are clearly seen. The m=4 PWL is 108.4 dB and very weak extraneous modes are seen.
The modal map with the ANC system active is shown in figure 9b . The m=4 mode has been reduced 7.6 dB. The total 2BPF PWL has been reduced 6.2 dB. The difference is a result of the ANC system increasing the level of the non-m=4 modes by 3.3 dB. The equivalent performance in the exhaust is shown in figure 9c and 9d. The m=4 mode has been reduced by 3.7 dB, with a total PWL reduction of 2.0 dB. At first glance, it appears that the inlet performance is superior. However, the controller works to reduce all the input sensor channels to a minimum in a total RMS sense.
This control methodology tends to equalize the inlet and exhaust m=4 levels which are 100.8 and 101.9 dB, respectively.
The remaining difference might be attributed to the difference in the duct geometry. Figure  10 shows that the performance of the ANC system is maintained over a fan corrected RPM range of 1400 to 1800. Figure 10a compares the individual radial mode absolute levels of the fan to levels with the ANC operating.
The reduction achieved for the individual modes are shown in figure 10b . For fan speeds above 1550 RPM where two radials are present, a 6 to 8 dB of reduction in m=4 is achieved Most of the mode reduction is due to a reduction in the (4,1) radial as it is generally the strongest radial present in the original fan signature. The apparent increase in performance at 1500 RPM and below is a result of the (4,1) mode cut-off resulting in an over-specified control system. The additional flexibility results in a complete cancellation of the (4,0) mode.
A modal noise floor is calculated by mathematically removing the m=4 from the fan 2BPF mode map illustrated in figures 5-9. This can be considered the maximum theoretical performance of the ANC system for that particular speed. Figure 10c shows the absolute levels of the tone are brought down to the modal floor levels when only a single radial is present. When the second radial is cut-on, the system does not achieve the full reduction possible. This is partly due to the power amplifiers limits mentioned earlier. Figure 10d shows the reduction achieved in the 2BPF tone level. About 4 to 6 dB in tone reduction is achieved when two radials are present, up to 14 dB when only a single radial is figurelib. In some cases the(4,0)radial is actually increased but sinceit was10or moredB belowthe (4,1)radial,thisdoes effecttheover-all result in an acoustic sense.
Figure1lc shows the levelsin the exhaust arenot driven to theoptimum levels.Approximately 2-3dB total 2BPFtonePWLreduction is achieved in the presence oftworadials, 14dBwithonlythe(4,0)radial present (figurelid). Theradial mode phasing required to achieve reduction resulted in theamplifier limiting themagnitude.
Of reasonable concern is thecomplexity of thisor any current ANCconcept, alongwiththerobustness of the system, particularly ofactuators. (None oftheactuators failed duringthe test). The ANC systemoutput channels werereduced to demonstrate theperformance of an under-specified system. The inputchannel architecture waskeptthesame.Figure12shows the performance withreduced actuator channels forasingle fanspeed.
In figure12a, theperformance in theinletfor cases where onlytheleading edge pairs, trailingedge pairs, or thetip pairs of actuators areused is compared tothe baseline case (allactuators). Since 1/2of theactuators wereused performance withthereduced setsdriven at double thegainis alsoshown for comparison. The mosteffective actuator setin theinletis thetrailing edge set, obtaining 5.8ofthe9.5dBobtained using all actuators. Thetip actuators donotcouple wellto the fanmodes whenusedalone. Thisis not surprising since thesource isknown tobedistributed radially.
Actuator failuremightoccuratvarious pointsin the system. Onefailurewasrepresented by a removing system channel 1,which resulted inalossof 12specific actuators tied to thatchannel.This resulted in a reductionof 4.7 dB compared to the full system reduction of 9.5dB. A second typeof failurewas represented by nulling8 random pairsof actuators, whichyielded 4.0 dB of reduction.Thenumber of actuators 'lost'couldbeconsidered extreme yetuseful reductions stilloccurred. Figure 12bshows thattheexhaust theleading edge was theoptimum under-specified set.Thefactthattheinlet andexhaust hada different optimum setmayindicate thata location nearer tothemid-chord mayresult in a set that is optimumfor both directions. The performance of the 'failures'in the exhaust was approximately thesame aswasnoted intheinlet.
Farfield Results
Farfieid directivity for the corresponding 1800 RPM ANC run is shown in figure 13 . A reduction of 13.5 dB SPL at 41.5°and 12.8 at 74.5°occurred. Those angles correspond to the (4,0) and (4,1 ) lobe peaks. However, the 1500 RPM speed was noted to unique with respect to the cut-on of (4,1) and this might explain the increase. Significant reduction is measured at 1400 RPM where only a single radial exists occurs; as was noted in-duct.
Conclusion
An active control system for ducted fan noise that uses vane actuators has been shown to be feasible. The vane actuator ANC system reduced total power levels in the target modes by up to 9 dB in the inlet while at the same time exhaust power levels were reduced by up to 3 dB. The reduction in the 2BPF tone PWL achieved was 6 and in the inlet and 4 dB in the exhaust. A simplified control system with just two actuator arrays at different radial locations was demonstrated to simultaneously reduce tonal power in both inlet and exhaust. The performance of the simplified control system worked well. Thedifference in relative performance in theexhaust duct didnotseem tobeduetolackofcontrol authority or control spillover in theexhaust. Thisis certainly partlyduetothelowerpower levels in theexhaust; a least squares control system will tendtoequalize levels between inletandexhaust. Anadditional effect maybe thefanduct convergence that occurs justbefore theexit plane where thecenter bodyincreases in sizefroma hubtip ratioof 0.35to 0.5. Theaxial phase speed of thefaninteraction modes will varyastheypropagate through thissection andperhaps theymixin some unmodeled wayat theexhaust sensor arrays.As real engine ducts havesimilar transitions in cross section, furtherinvestigation of thecause of this problem is justified. Selected subsets of theactuators were runtodetermine thefeasibility of reducing thesystem complexity. The results indicated thata correctly placed pairof control actuator arrays might couple to these fourmodes in a similarway,enabling two actuator arrays to control fourmodes.As engine applications havemanyfan interaction radial mode components, thisefficiency of vaneactuators couldproveto be necessary for the practical application ofANC.
Analysis of simulated failuresshowsthata useful amount ofreduction occurs even withmultiple actuator failures. 
